1. Introduction
===============

Earthquakes with large magnitudes are the worst among natural disasters, claiming many lives and significantly damaging the infrastructure in both developed and developing countries. Therefore, such earthquakes should be predicted when scientifically and technically possible. The geochemical precursors of earthquakes have attracted the attention of researchers worldwide.^[@r01],[@r02])^ The chemistry of groundwater has been monitored to predict earthquakes in U.S.A., Japan, China, and Italy since the 1970s.^[@r03],[@r04])^ Even though the concentration anomalies of noble gases, such as radon (^222^Rn) and helium (^4^He), are well documented,^[@r01],[@r05])^ their geochemical behaviors that cause anomalous changes have not been considerably investigated.^[@r06])^ Major criticism can be summarized as most signals are anecdotal with no statistical assessment^[@r07])^ or fragmental with insufficient time series and lack of decisive data.^[@r08])^ Several precursors did not meet the criteria for critical assessment.^[@r03])^ Toward the end of the 1990s, a seismologist suggested that earthquakes were inherently unpredictable based on the results obtained by nonlinear dynamics.^[@r09])^ Subsequently, the geoscientific community became pessimistic with respect to earthquake prediction. However, groundwater monitoring is still performed because researchers believe that precursors are not entirely unexpected.^[@r01],[@r02])^

In addition to radon,^[@r08])^ helium,^[@r06],[@r07])^ sulfate (SO~4~^−^), and chlorine (Cl^−^),^[@r10])^ the possible variations of hydrogen (^2^H/^1^H or δ^2^H) and oxygen (^18^O/^16^O or δ^18^O) isotopic ratios in groundwater were discussed in seismically active regions.^[@r11])^ The hydrogeochemical changes associated with stable isotopes were reported before and after the occurrence of a M5.8 earthquake in Iceland.^[@r12])^ Oxygen isotopic changes were detected contemporarily to the occurrence of a M5.1 earthquake in India, and a model^[@r13])^ of aquifer breaching and mixing of different groundwater masses having different isotopic signatures was proposed. Complicated oxygen and hydrogen isotope changes were observed before and after two consecutive M5.5--5.6 earthquakes in Iceland,^[@r14])^ and the isotopic anomalies can be attributed to the mixing of various types of groundwater. Conversely, a groundwater oxygen isotope anomaly was reported without any considerable hydrogen isotope change at the time of the M~JMA~6.6 2016 Tottori earthquake that occurred in Southwest Japan.^[@r15])^ This variation was interpreted as the ^18^O shift caused by the water--rock interaction in a very short period of time,^[@r16])^ which is a different mechanism that associated with the mixing of groundwater in Iceland^[@r12],[@r14])^ and India.^[@r13])^

Even though oxygen and hydrogen anomalies are promising with respect to the prediction of earthquakes, more data are required to confirm the predictability and elucidate the mechanism that causes the mixing of different groundwater masses or the water--rock interaction. Here, we present the data of oxygen and hydrogen isotope changes in local groundwater related to the M~JMA~7.3 2016 Kumamoto earthquake.

2. Experiment
=============

Determining a suitable location to monitor the groundwater characteristics before the occurrence of a major earthquake is difficult because we do not know when and where the earthquake will occur. Therefore, an observation groundwater well located close to the epicenter can be selected after the earthquake. Obviously, it is impossible to collect pre-earthquake groundwater samples from this well after the earthquake because the water dissipates in the well and/or into the aquifer. However, if this well is used for producing commercial bottled mineral water, then it can be used as a unique archive for monitoring geochemical anomalies. Commercial water has a precise production date, and its content is chemically well preserved,^[@r10])^ except for helium because this inert gas permeates and escapes quickly through either plastic or glass bottles. Companies often store the mineral water samples obtained well before the earthquake for quality management purposes. Generally, mineral water samples can be stored for only one year because of the legal expiration date restrictions in Japan. Thus, the fragmentation of data in time series can be avoided. We have collected commercial bottled mineral water samples from the Takagi site in Kumamoto Prefecture, central Kyushu Island, Southwest Japan (Fig. [1](#fig01){ref-type="fig"}) one year before and two years after the earthquake. This method is similar to that used by Tsunogai and Wakita, who reported chemical changes in groundwater before and after the M~JMA~7.0 Kobe earthquake in 1995.^[@r10])^

The 2016 Kumamoto earthquake sequence includes three large seismic events (M~JMA~ \> 6) that occurred on the Beppu--Shimabara graben structure^[@r17])^ in the central Kyushu Island, Southwest Japan. The first event (M~JMA~6.5 on the Japan Meteorological Agency scale) occurred along the Hinagu fault zone at 21:26 (JST) on April 14, 2016, followed by the second event (M~JMA~6.4) that occurred 10 km to the south of the Hinagu fault zone at 0:03 on April 15, 2016. The largest event (M~JMA~7.3) struck along the Futagawa fault zone at 1:25 on April 16, 2016 (Fig. [1](#fig01){ref-type="fig"}), which was close to the two previously mentioned foreshock locations. Its focal mechanism was strike--slip faulting with NW--SE tension, and the focal depth was approximately 10 km. This earthquake sequence resulted in 50 fatalities and injured more than 1,800 people; further, it considerably damaged the local infrastructure.

The Kumamoto region is characterized by active groundwater flows within the Quaternary sedimentary basin at which two major aquifer systems exist in a vertically separated manner.^[@r18])^ These aquifer systems comprise a shallow unconfined aquifer with a depth of ∼50 m and a deep confined aquifer with a depth of 60--200 m. Both the aquifers may have recharged owing to the highly permeable sediments in the northern and eastern hills, and groundwater would flow southward and westward along the topographical gradient.^[@r18])^ The production well of mineral water samples (Takagi site) was located in Mifune Town, Kumamoto Prefecture, 3 km to the southeast of the epicenter of the main shock and at approximately the center of a triangle made by the three aforementioned large events (Fig. [1](#fig01){ref-type="fig"}). This is one of the monitoring stations located closer to the epicenter of a large-magnitude earthquake from among the numerous case histories described in scientific literature.^[@r19])^ The aquifer is estimated to be approximately 150-m deep and comprises sandstone, conglomerate, and red mudstone; it presumably belongs to the Upper Cretaceous Mifune Group.^[@r20],[@r21])^ We collected four sedimentary rocks that may be present in the aquifer, which is exposed 2.5 km to the northeast of the Takagi site,^[@r21])^ and measured their oxygen isotopic compositions (δ^17^O and δ^18^O values). The oxygen isotopic composition was analyzed at the Korea Polar Research Institute using the automated laser fluorination technique.^[@r22])^ The observed data are presented in Table [1](#tbl01){ref-type="table"}.

The groundwater samples were filtered and sealed in polyethylene terephthalate (PET) bottles and distributed in the market. We purchased as many bottles as possible covering a period of up to one year before and two years after the M~JMA~7.3 earthquake. The hydrogen and oxygen isotopes of the water samples were evaluated via cavity ring-down spectroscopy (L2120-I Analyzer; PICARRO Co. Ltd., California) at the Atmosphere and Ocean Research Institute, The University of Tokyo, without performing any chemical preprocessing. The observed hydrogen and oxygen isotopic ratios were calibrated against our inhouse standard and converted into the conventional V-SMOW scale (per mil (‰)). The instrumental errors associated with the δ^18^O and δ^2^H values were less than 0.12‰ and 0.6‰, respectively, at 2σ; these values were estimated by repeatedly evaluating our inhouse standard. The experimental details are given elsewhere.^[@r15])^

3. Results
==========

The secular variation of the ^18^O/^16^O ratios associated with the Takagi groundwater from April 24, 2015 to March 5, 2018 is shown in Fig. [2](#fig02){ref-type="fig"}a, covering a time period of one year before and two years after the 2016 Kumamoto earthquake. There are 117 data points covering this three-year period, resulting in a sampling frequency of 3.3 samples per month; however, a mineral water company may produce samples every day. This sampling frequency and the time period covering all the earthquake events show no fragmental data in accordance with any critical assessment^[@r03])^ (see Fig. [2](#fig02){ref-type="fig"}). The δ^18^O values decrease gradually from −5.6‰ in 2015 to −6.3‰ in 2018, except for some apparent outliers. The simple linear regression of data is indicated by a dashed line. The slope of the fitted line is −0.21 ± 0.03‰/year (2σ; n = 117; correlation coefficient r^2^ = 0.787; mean square weighted deviation \[MSWD\] = 0.45). Four outlier samples can be clearly observed from Fig. [2](#fig02){ref-type="fig"}a. They are inconsistent with the trend observed with an uncertainty of 3σ and show positive δ^18^O values, including the sample on January 7, 2016 obtained three months before the M~JMA~7.3 earthquake and three consecutive samples obtained from May 9 to May 12, 2016 soon after the M~JMA~7.3 earthquake. Even though this is a very simple data treatment, one may recognize that it is not anymore anecdotal. There are two more potential outliers (open squares), which will be discussed later. By observing the data more closely, a weak seasonal variation, high in δ^18^O in summer and low in δ^18^O in winter, can be observed. This can be probably attributed to the environmental conditions associated with the recharge area of the Takagi groundwater; this will be discussed later.

The temporal variation of the ^2^H/H ratios is shown in Fig. [2](#fig02){ref-type="fig"}b. The δ^2^H values with a typical error of 0.6‰ at 2σ decrease from −44.2‰ in 2015 to −48.6‰ in 2018. A simple linear regression of the obtained data was performed and is indicated by a dashed line. The slope of the fitted line is −1.46 ± 0.09‰/year (2σ, r^2^ = 0.908, MSWD = 0.11), approximately seven times steeper than that of oxygen. A better fitting, with high r^2^ and low MSWD than those of oxygen, was also obtained. There are no outliers of hydrogen isotopes based on the trend observed with an uncertainty of 3σ. Again, a very slight seasonal variation can be observed relative to the fitted line in Fig. [2](#fig02){ref-type="fig"}b. The general decreasing trend of δ^18^O and δ^2^H with time will be discussed below.

4. Discussion
=============

4.1. Mechanism of oxygen and hydrogen isotope changes.
------------------------------------------------------

Groundwater is mainly derived from meteoric water, including precipitation (snow and rain), and river and lake water in temperate and humid climates.^[@r23],[@r24])^ A minor part of groundwater can be attributed to the water trapped in sediments (connate water) and the water obtained from magmatic sources. The origin and evolution of meteoric water were discussed based on the oxygen and hydrogen isotopes.^[@r25])^ We follow the isotope method and discuss the groundwater characteristics based on these isotopes. Generally, the oxygen and hydrogen isotopes exhibit a decreasing trend with time (Figs. [2](#fig02){ref-type="fig"}a and [2](#fig02){ref-type="fig"}b, respectively). These variations may be caused by a common physicochemical mechanism. The seasonal variation of meteoric water is attenuated during transit and storage in the deep aquifer.^[@r23])^ This should be the case of the present samples. The decrease in the δ^18^O and δ^2^H values may be attributed to the continuous pumping of groundwater from the production well (a few tons per day) for producing mineral water even though there is no detailed geohydrological description of the well. The binary mixing of different water masses or isotopic fractionation during fluid flow may be induced by tapping a large amount of water. If the volume of the aquifer is considerably larger than that of the water pumped daily, a constant decrease in oxygen and hydrogen isotopes may be observed because of the steady state supply of water with low δ^18^O and δ^2^H values from a hidden second aquifer. This is the simple and dynamic mixing process of groundwater. However, this cannot be attributed to the local crustal deformation because the rate of change is very constant; the local crustal deformation remains constant for three years. The other candidate is the isotopic fractionation caused by filtration though clay minerals in an aquifer during the induced fluid flow. The porewater obtained by filtration through clay minerals may contain enriched heavy isotopes of oxygen and hydrogen.^[@r25])^ Then, the filtered water may become lighter than the original water, and the δ^18^O and δ^2^H values may decrease with time, as observed in Fig. [2](#fig02){ref-type="fig"}.

When the stable isotopes of global water are plotted together in the so-called Craig's diagram, a linear relation can be observed between the δ^18^O and δ^2^H values with a slope of 8.^[@r26],[@r27])^ The line denoting this linear relation is called the global meteoric water line (GMWL). Further, this linear relation can be mainly attributed to the isotopic fractionation caused by the evaporation and condensation of water at different latitudes. The groundwater samples are also characterized by their signatures in Craig's δ^18^O--δ^2^H diagram.^[@r25],[@r27])^ The relation between the δ^18^O and δ^2^H values associated with the monthly precipitation in the Kumamoto region^[@r28])^ is presented in Fig. [3](#fig03){ref-type="fig"}a together with deep groundwater at the Takagi site. The rainwater during the summer (June--September) shows significantly smaller δ^18^O and δ^2^H values than that during winter (December--March). In addition, the variations of both the isotopes are much larger than those of the groundwater samples. Figure [3](#fig03){ref-type="fig"}b shows the relation between the δ^18^O and δ^2^H values with respect to the Takagi groundwater samples, which can be obtained by enlarging a part of Fig. [3](#fig03){ref-type="fig"}a. Four outliers with significantly high δ^18^O values are excluded (there are 3σ outliers in Fig. [2](#fig02){ref-type="fig"}a), and the simple linear regression of data is indicated by a dashed line in Fig. [3](#fig03){ref-type="fig"}b. The slope of the fitted line is 5.80 ± 0.51 (2σ, r^2^ = 0.824, and MSWD = 0.22), which is slightly less than the value of seven independently calculated from the data obtained from Figs. [2](#fig02){ref-type="fig"}a and [2](#fig02){ref-type="fig"}b. The aforementioned slope is also smaller than the value of eight observed in case of GMWL because of the evaporation and condensation observed in the equilibrium condition^[@r26])^; this can be probably attributed to the mixing of different types of water or isotopic fractionation during fluid flow owing to the continuous pumping of groundwater. A hypothetically hidden second aquifer may have been formed owing to the summer precipitation in the region (Fig. [3](#fig03){ref-type="fig"}a), and their δ^18^O and δ^2^H values may be smaller than those of the Takagi water. A shallow unconfined aquifer may contribute to the formation of a second aquifer. However, the older age of the second water inferred by attenuation of seasonal variation should conflict with the shallow and thus young origin. Tritium--helium-3 dating of the samples should be conducted to resolve this problem.

In the δ^18^O--δ^2^H diagram (Fig. [3](#fig03){ref-type="fig"}b), two outliers with relatively high δ^18^O values (open square symbol in Fig. [2](#fig02){ref-type="fig"}a) can be observed along with four outliers (solid squares). One sample was collected on December 25, 2015, approximately two weeks before the occurrence of anomaly 1 (see Fig. [2](#fig02){ref-type="fig"}a). The other sample was collected on April 26, 2016, approximately two weeks before the occurrence of anomaly 2. These two samples are located just before the outliers obtained with an uncertainty of 3σ (solid squares) in the time sequence. Therefore, these two samples may be related to the anomalous events. Thus, there are six outlier samples, *i.e.*, two samples collected four months before the occurrence of the M~JMA~7.3 earthquake and four consecutive samples obtained from April 26 to May 12, 2016 soon after the occurrence of the M~JMA~7.3 earthquake. However, no corresponding outlier samples can be observed in case of hydrogen isotopes (Fig. [2](#fig02){ref-type="fig"}b). Therefore, only an oxygen isotope anomaly could be observed. In case of the Tottori earthquake, a significant oxygen isotopic anomaly of +0.24‰ relative to the local background in groundwater was observed some months before the M~JMA~6.6 earthquake.^[@r15])^ Further, a small but significant increase of 0.07‰ was observed soon after the earthquake. Because the δ^18^O values of the water samples are approximately −8.2‰, which are considerably lower than the value of +8.4‰ measured for the aquifer rocks in the Tottori region, the groundwater δ^18^O values may increase owing to the progressive equilibration of the oxygen isotope with the rocks.^[@r15])^ However, the δ^2^H values of groundwater remain unchanged because the hydrogen content of the aquifer rocks is significantly low compared to the oxygen content. A similar mechanism based on the isotopic exchange of oxygen between the aquifer rocks and groundwater can be assumed in case of the Kumamoto earthquake (^18^O shift in Fig. [3](#fig03){ref-type="fig"}). There is another mechanism to change oxygen isotopes without changing the hydrogen isotope, *i.e.*, via exchange of oxygen isotopes between CO~2~ and H~2~O in natural CO~2~-rich spring water.^[@r29])^ Generally, springs contain abundant CO~2~ bubbling gas, indicating higher CO~2~ content than the solubility of 40 mmol/L at 20 ℃. Further, we did not measure the total carbonate content of the samples; therefore, it is difficult to compare them directly. However, a study has investigated the chemical compositions of the groundwater in the Kumamoto region.^[@r30])^ The groundwater close to our location indicated a CO~2~ content of 0.02 mmol/L, which is at least three orders of magnitude smaller than the content of CO~2~ bubbling gas. Therefore, the variation of oxygen isotopes because of CO~2~--H~2~O exchange may be negligibly small.

The aquifer rocks belong to the Upper Cretaceous Mifune Group.^[@r20],[@r21])^ Their δ^18^O values vary from +13.3‰ to +17.3‰ (Table [1](#tbl01){ref-type="table"}). Generally, these values are consistent with the δ^18^O values of the Upper Cretaceous and Paleogene sedimentary rocks in the Amakusa area located 70 km to the southwest of the Kumamoto city, ranging from +13.1‰ to +15.8‰.^[@r31])^ The oxygen isotope data of the Cretaceous--Paleogene granitoids in the Kumamoto region show δ^18^O values of +9.1‰ to +12.6‰,^[@r32])^ which is slightly smaller than the values associated with the present samples. Because the δ^18^O values of the Takagi aquifer rocks are significantly higher than those of groundwater, an isotopic exchange of oxygen would increase the δ^18^O values of the groundwater in the Kumamoto region, similar to that observed in the Tottori case study in which the reaction was very fast.^[@r15])^ The crustal deformation related to the 2016 Kumamoto earthquake may have enhanced the water--rock interaction in the 150-m-deep aquifer because of microfracturing. Therefore, the most probable mechanism to cause δ^18^O enrichment is the ^18^O shift caused by water--rock interaction^[@r16])^ without any δ^2^H changes. A water--rock interaction may have occurred in the second aquifer at the time of the Kumamoto earthquake even though we do not have clear evidence of this occurrence.

4.2. Difference between the groundwater anomalies of Japan and Iceland.
-----------------------------------------------------------------------

Two case studies have been conducted in Iceland, in which both the δ^2^H and δ^18^O values of groundwater changed before and after the occurrence of earthquakes.^[@r12],[@r14])^ These data are compared with those obtained from this study and those obtained based on the 2016 Tottori earthquake (Table [2](#tbl02){ref-type="table"}). All the events reported in the table are interplate earthquakes with epicenter depths of approximately 10 km and a strike--slip fault-type mechanism. However, the magnitudes of these earthquakes differ significantly. The magnitudes of the earthquakes in Iceland are from M5.5 to M5.8, whereas those of the earthquakes in Japan are M~JMA~6.6 and M~JMA~7.3. This indicates that the rapture energy in Japan is two orders of magnitude greater than that in Iceland. The empirical relation between the magnitude of an earthquake and the volume of crustal rock affected by the seismic activity was expressed as follows^[@r33])^:$$\log\text{V} = 1.06\,\text{M} - 2.78,$$where V and M denote the affected volume of rock in km^3^ and the magnitude, respectively. In case of the Kobe earthquake that occurred in central Japan on January 17, 1995, the magnitude of the earthquake was converted into the volume of rock and the related helium degassing was considered.^[@r34])^ In case of Iceland, the volume of affected rock becomes 1,600 km^3^ when the values obtained from the two earthquakes, M5.5 and M5.8, are averaged. Further, the volume is 39,000 km^3^ in Japan, which is considerably larger than that of Iceland. In addition, the distances from the epicenters and the groundwater monitoring stations are different for the cases. The monitoring stations in Iceland are 76 and 90 km away from the epicenter, whereas those in Japan are only 3 and 5 km away from the epicenter of the Kumamoto and Tottori earthquakes, respectively.

Consequently, the estimated coseismic volumetric strain change is discrepant in case of Iceland and Japan. The strain changes are possibly less than the tidal stress at the monitoring station in Iceland,^[@r12],[@r14])^ and high strain changes of 3.3 × 10^−6^ and 4.5 × 10^−5^ in the Tottori and Kumamoto stations, respectively, were calculated using a finite fault model^[@r35])^ and explained later. The proposed groundwater anomaly mechanism is also different between Iceland and Japan. In case of Iceland, the δ^2^H and δ^18^O values changed; further, these values can be attributed to the mixing of groundwater from different isotopic signatures.^[@r12],[@r14])^ In case of Japan, only the δ^18^O values increased and the δ^2^H values did not exhibit any considerable change. This peculiar behavior may be caused by the water--rock interaction, which will be discussed in detail later. If the anomalies in Iceland can be attributed to the strain changes induced by crustal deformation, unusual and/or local enhancement of chemical and isotopic variation for a tiny change in strain would be required to explain these anomalies. In any case, we cannot deny the crustal deformation hypothesis in Iceland at present, and the difference of mechanism may be attributed to a location-specific problem or the geological conditions of the monitoring site. This should be resolved in future research.

4.3. δ^18^O anomaly and coseismic strain changes.
-------------------------------------------------

To discuss the δ^18^O anomaly in case of groundwater in a quantitative manner and its relation with the volumetric strain changes during an earthquake, the δ^18^O shift should be precisely calculated in a numerical manner. Based on the aforementioned discussion, we masked the six outlier samples (solid squares in dotted oval and open squares in Figs. [2](#fig02){ref-type="fig"}a and [3](#fig03){ref-type="fig"}, respectively) from 117 δ^18^O data and calculated the general trend and/or background variation via a simple moving average method using all data points, except the six outliers. The smoothed data sequence is expressed in a dotted curve in Fig. [4](#fig04){ref-type="fig"}a. The outliers are denoted using two open squares and four solid squares with experimental error bars of 2σ. The general trend (dotted curve) indicates a seasonal variation (high δ^18^O in summer and low δ^18^O in winter). This is explained by the isotopic variations in precipitation and groundwater in Japan.^[@r24],[@r28])^ The value called *d-excess*, which is defined as δ^2^H − 8 × δ^18^O, in case of rain in Japan shows low values in summer (June--August) and high values in winter (December--February).^[@r28])^ Therefore, the δ^18^O values of precipitation are higher in summer and lower in winter (Fig. [2](#fig02){ref-type="fig"}a). This estimation can explain the general trend of the δ^18^O value in Fig. [4](#fig04){ref-type="fig"}a. In addition, the amplitude of the seasonal variation becomes smaller with time, which can be attributed to the mixing of the studied groundwater with that originating from a hidden second aquifer, as stated in the previous section. The second reservoir may be older than the first reservoir, and the seasonal variation may have been attenuated during water storage in the aquifer.^[@r23])^

The difference between the δ^18^O values with respect to the observed and smoothed data is plotted against the sampling date in Fig. [4](#fig04){ref-type="fig"}b. Except for the six outlier samples (two open squares and four solid squares) with high δ^18^O values, all the data are consistent with zero difference within an experimental error of 2σ. Further, the excess δ^18^O values in this diagram can be calculated. They are 0.38‰ higher 3--4 months before the M~JMA~7.3 event and 0.51‰ higher soon after the event when compared with the normal values.

Initially, we quantitatively discuss the physicochemical mechanism responsible for the δ^18^O anomaly after the 2016 Kumamoto earthquake (M~JMA~7.3) along with that responsible for the 2016 Tottori earthquake (M~JMA~6.6). During the latter event, a small but substantial increase of the δ^18^O value, 0.070 ± 0.055‰ (2σ), was observed.^[@r15])^ When the water--rock interaction is the driving mechanism of these δ^18^O anomalies, the coseismic volumetric strain changes that induce the microfracturing of the local aquifer rocks should be considered. The strain change during an earthquake can be calculated using the finite fault model.^[@r35])^ The finite fault provides the modeled presentation of the spatial extent, amplitude, and duration of fault rupture (slip) of an earthquake based on the signature of the earthquake source fault, where the fault plane estimated by a geodetic model using the SAR method^[@r36])^ is different from that calculated by the inversion of strong motion data.^[@r37])^ Subsequently, we average the strain data obtained using the SAR method and the inversion method at the Takagi site during the Kumamoto earthquake. We also performed this calculation at the Hakusan Meisui site located approximately 5 km to the west of the Tottori earthquake epicenter.^[@r38],[@r39])^ The obtained volumetric strain changes are 4.5 × 10^−5^ in Kumamoto and 3.3 × 10^−6^ in Tottori, as presented in Table [2](#tbl02){ref-type="table"}. Figure [5](#fig05){ref-type="fig"} shows the relation between the volumetric strain change and the increase in δ^18^O value after the earthquake. There are only two data points available, among which one is for the Tottori earthquake^[@r15])^ and the other is for the Kumamoto earthquake, as obtained from this study. The diagram is a double logarithmic diagram; therefore, the slope of the lines indicates the power of data on the X-axis using Y = aX^b^, where b is the power. We tentatively draw two lines with b = 1/3 (dotted line) and b = 2/3 (solid line). The latter line was drawn to allow it to pass through the Kumamoto data point. The solid line is a better fit to the Tottori data point than the dotted line. Therefore, the power law of b = 2/3 should have a plausible geochemical implication even though there are only two data points.

4.4. Helium degassing experiments: microfracturing and the 2/3 power law.
-------------------------------------------------------------------------

To explain the occurrence of noble gas emanation prior to seismic events,^[@r05])^ helium degassing during rock fracturing was experimentally studied in the 1980s.^[@r40])^ The pioneering work^[@r40])^ was conducted in a laboratory to measure the variation of the helium contents in rocks subjected to uniaxial compression. The volume of the rock (V) underwent an inelastic increase (ΔV) because of the formation of microcracks when the rock was compressed. New cracks will form at the grain boundary with the increasing ΔV/V value. An increase of the total surface area of a rock will occur by new surfaces created by microfracturing. Consequently, the helium in the rock may be liberated from the newly exposed surfaces. Then, the relation between the volumetric strain change (ΔV/V) and the amount of helium released (υ) can be expressed as follows^[@r40])^:$$\upsilon = k_{1} \times (\Delta\text{V}/\text{V})^{2/3},$$where *k*~1~ is a constant. This physicochemical relation should be observed during a seismic event. Soon after the 2016 Kumamoto earthquake, we collected deep groundwater samples from seven different sites around the Futagawa--Hinagu fault zones and measured their helium isotopic ratios (^3^He/^4^He) via noble gas mass spectrometry.^[@r06])^ The helium data were compared with those obtained in August 2010.^[@r41])^ The helium isotopic ratio clearly decreased at the site close to the Futagawa--Hinagu fault zones in Fig. [2](#fig02){ref-type="fig"} of our published paper.^[@r06])^ Because the changes in the ^3^He/^4^He ratio were caused by degassing and the addition of radiogenic helium (^4^He) accumulated in aquifer rocks during an earthquake, the volumetric strain change can be estimated using Eq. \[[2](#e02){ref-type="disp-formula"}\]. This was successfully conducted, and a linear relation was obtained between the amount of helium degassed and the volumetric strain change estimated by the fault model.^[@r35])^ Equation \[[2](#e02){ref-type="disp-formula"}\] was well fitted into the data distribution in a double logarithmic chart, resulting in the first quantitative coupling of laboratory experiment^[@r40])^ with field observations.^[@r06])^ Recently, continental degassing of helium was observed in an active tectonic setting in northern Italy, and it was discussed with micro-fracturation of rocks.^[@r42])^

The geochemical implication of the 2/3 power law in Fig. [5](#fig05){ref-type="fig"} is supported by the relation between the rock fracturing experiments and the changes in helium isotopic ratios in the field. Even though there are only two data points in the figure, the proposed physicochemical mechanism for observing the δ^18^O anomaly in case of groundwater is promising when new data points are provided after the occurrence of large-magnitude earthquakes. If the power of 2/3 in the relation between δ^18^O enrichment (ω) and volumetric strain change (ΔV/V) is appropriate, a best fit line passing through the two data points in Fig. [5](#fig05){ref-type="fig"} can be obtained as follows:$$\omega = 390 \times (\Delta\text{V}/\text{V})^{2/3}.$$

Based on Eq. \[[3](#e03){ref-type="disp-formula"}\], the relation between δ^18^O enrichment and strain changes can be calculated. This is an innovative attempt to quantify the volumetric strain change using geochemical data.

4.5. Precursory anomaly of oxygen isotopes.
-------------------------------------------

As stated in the previous section, a δ^18^O enrichment (or increase) of 0.38‰ relative to the background was observed 3--4 months prior to the occurrence of the Kumamoto M~JMA~7.3 event (Fig. [4](#fig04){ref-type="fig"}b), even though there is only one datum and we cannot completely eliminate the possibility that this may be an experimental artifact. In any case, the increase in δ^18^O can be converted into a hypothetical volumetric strain change of 3.0 × 10^−5^ using Eq. \[[2](#e02){ref-type="disp-formula"}\], which is considerably larger than the tidal stress in the order of 1 × 10^−8^ in the region. Unfortunately, the borehole-type volumetric strain meter is not located close to the Takagi site, where the groundwater samples are collected. It is difficult to verify the supposed volumetric strain change based on field geophysical observations.

Instead of the strain change, other precursor signals were reported as follows. A preseismic ionospheric anomaly was observed before the 2016 Kumamoto earthquake by the global navigation satellite system.^[@r43])^ However, this could be observed several tens of minutes before the M~JMA~7.3 event and is not related with the δ^18^O anomaly observed 3--4 months before the earthquake. Abnormal gravity wave activity could also be observed in the stratosphere prior to the M~JMA~7.3 event.^[@r44])^ Again, this occurred approximately one week before the earthquake and was not related to the δ^18^O anomaly. Precursory seismic patterns prior to the M~JMA~7.3 event were reported by four different methods (*b*-value method, two methods of seismic quiescence evaluation, and an analysis of seismic density in space and time).^[@r45])^ The precursory phenomena durations were either 1.5 or 3 years and much longer than the 3--4-month period considered in this study. Therefore, none of the reported preseismic anomalies match our observation in the time sequence. Instead of these signals, small but substantial seismic swarm activities were observed in Kikuchi City, Kumamoto region.^[@r46])^ The activity began in the middle of November 2015 and continued until the second week of December 2015, including the period when M~JMA~3.2 and M~JMA~3.1 events occurred on December 4 and 7, respectively. They were shallow crustal earthquakes with depths of 5--6 km and epicenters located approximately 20 km to the north of the groundwater monitoring site (TKG in Fig. [1](#fig01){ref-type="fig"}) in Mifune Town. The timing is consistent with the period of the observed oxygen anomalies on December 25, 2015 and January 7, 2016. The time lag of 18 days is not considerably different from that of 10 days between the M~JMA~7.3 event (April 16) and the initiation of the oxygen anomaly (April 26). However, these earthquakes were so small and far from the TKG monitoring site that the coseismic strain changes may not produce the supposed change of 3.0 × 10^−5^ calculated by Eq. \[[2](#e02){ref-type="disp-formula"}\]. A possible scenario is that a nondestructive and very slow preslip of Futagawa fault may have been induced by the earthquakes in Kikuchi City (the M~JMA~3.1 and M~JMA~3.2 events) because the area was highly stressed at the time, as indicated by the low *b*-value.^[@r45])^ The hypothesis should be challenged by a future geodetic study.

5. Conclusion
=============

Critical reviews of earthquake prediction studies reported that majority of the precursory data were anecdotal or fragmental. Further, knowledge about the mechanism associated with the formation of such geochemical anomalies is lacking. To meet the criteria for assessing geochemical anomalies, we have measured 117 oxygen and hydrogen isotopes in the groundwater samples collected from a monitoring well located in Mifune Town, Kumamoto Prefecture. The period was from April 24, 2015 to March 5, 2018, with the 2016 Kumamoto earthquake in Southwest Japan during the period. The samples were obtained during a period of one year before and two years after the M~JMA~7.3 earthquake events of April 16 with an approximate sampling frequency of 3.3 samples per month. The background variations of ^18^O/^16^O and ^2^H/H ratios monotonically decreased with time and exhibited a slight seasonal variation. After simple statistical treatment of the data, a couple of positive δ^18^O anomalies (six samples in total) could be observed 3--4 months before and soon after the M~JMA~7.3 event. However, there were no outliers with respect to the measured δ^2^H values. The crustal movement and rupture during the earthquake may have increased the microfracturing of the aquifer rocks. The enhanced water--rock interaction on the increased surface area of rocks may have induced oxygen exchange between water and rock, increasing the δ^18^O value without affecting δ^2^H. Considering the δ^18^O anomaly observed after the M~JMA~7.3 earthquake along with that observed after the 2016 Tottori earthquake, a quantitative relation can be extracted between the increased δ^18^O values and volumetric strain change with a 2/3 power law. This is the first quantitative relation between geochemical and geophysical data during a great/big earthquake; further, more case studies should be conducted in future. Thus, the groundwater oxygen isotopes may be considered as an effective strain gauge.
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![Sampling site "Takagi" (TKG) of deep groundwater in the Kumamoto region in Southwest Japan together with epicenters of two foreshocks (M~JMA~6.5 and M~JMA~6.4) and the main shock (M~JMA~7.3) of the 2016 Kumamoto earthquake. Red and blue curves show the Futagawa and Hinagu fault zones, respectively. The inset map shows the location of the Kumamoto region in Japan.](pjab-96-322-g001){#fig01}

![(Color online) Secular variation of the (a) δ^18^O values of deep groundwater and (b) δ^2^H values at TKG site in the Kumamoto region. The error assigned to the symbol is 2σ bar. The arrow indicates the M~JMA~7.3 earthquake event's date. The dashed line represents the simple linear regression through data. The oxygen data in dotted ovals are outliers with 3σ uncertainty off the trend. The open square samples are discussed in the section (4.1). There are no outliers within 3σ for the hydrogen isotopic data.](pjab-96-322-g002){#fig02}

![(Color online) (a) Relation between the δ^18^O and δ^2^H values of monthly precipitation in the Kumamoto region^[@r28])^ together with deep groundwater at TKG site. The general trend is shown by a dashed line. (b) Relation between the δ^18^O and δ^2^H values of the groundwater. A part of Fig. [3](#fig03){ref-type="fig"}a is enlarged. The arrow indicates the samples showing δ^18^O anomaly without δ^2^H change, possibly due to the oxygen-18 shift. Four solid squares are outliers with 3σ off the trend in Fig. [2](#fig02){ref-type="fig"}a. Two open squares are 2σ from the dashed line. The error bar assigned to the symbol is 2σ.](pjab-96-322-g003){#fig03}

![(Color online) Smoothing data of the (a) secular variation of the δ^18^O values of deep groundwater at the TKG site in the Kumamoto region. Six outliers are shown by squares with 2σ error bars. The arrow indicates the M~JMA~7.3 earthquake event. The general trend is shown by a dotted curve. (b) Difference between the original and smoothed δ^18^O data of deep groundwater. The arrow indicates the M~JMA~7.3 earthquake event.](pjab-96-322-g004){#fig04}

![(Color online) Relation between the coseismic volumetric strain change and δ^18^O anomaly observed in the 2016 Tottori (M~JMA~6.6) and 2016 Kumamoto earthquake (M~JMA~7.3). The 2/3 power law (solid line) shows much better fit to the data than the 1/3 power law (dotted line).](pjab-96-322-g005){#fig05}

###### 

The oxygen isotopic compositions of sedimentary rocks belonging to the Upper Cretaceous Mifune Group

  Sample   δ^17^O (‰)   2σ error (‰)   δ^18^O (‰)   2σ error (‰)
  -------- ------------ -------------- ------------ --------------
  MFU-1    7.24         0.19           13.88        0.38
  MFU-2    7.80         0.17           14.97        0.32
  MFU-3    6.94         0.04           13.32        0.06
  MFU-4    9.01         0.01           17.29        0.01

###### 

The groundwater oxygen isotope anomaly caused by earthquakes

  Location        Grimsey lineament, Northern Iceland   Husavik--Flatey Fault & Grimsey lineament, Northern Iceland   Tottori, Southwest Japan        Kumamoto, Southwest Japan
  --------------- ------------------------------------- ------------------------------------------------------------- ------------------------------- ---------------------------
  Magnitude       M5.8                                  M5.6 & M5.5                                                   M~JMA~6.6                       M~JMA~7.3
  Depth           10 km                                 6 & 10 km                                                     10 km                           10 km
  Date            September 16, 2002                    October 21, 2012 & April 2, 2013                              October 21, 2016                April 16, 2016
  Distance        90 km                                 76 & 76 km                                                    5 km                            3 km
  Strain change   \<tidal stress                        \<tidal stress                                                3.3 × 10^−6^                    4.5 × 10^−5^
  Anomaly         δ^2^H & δ^18^O                        δ^2^H & δ^18^O                                                δ^18^O                          δ^18^O
  Mechanism       Mixing of groundwater                 Mixing of groundwater                                         Water--rock interaction         Water--rock interaction
  Reference       Claesson *et al.* (2004)^[@r12])^     Skelton *et al.* (2014)^[@r14])^                              Onda *et al.* (2018)^[@r15])^   This work

[^1]: (Edited by Yoshio FUKAO, M.J.A.)
